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University, Pittsburgh, PennsylvaniaABSTRACT Herein, we identify the coordination environment of Cu2þ in the human a1-glycine receptor (GlyR). GlyRs are
members of the pentameric ligand-gated ion channel superfamily (pLGIC) that mediate fast signaling at synapses. Metal ions
like Zn2þ and Cu2þ significantly modulate the activity of pLGICs, and metal ion coordination is essential for proper physiological
postsynaptic inhibition by GlyR in vivo. Zn2þ can either potentiate or inhibit GlyR activity depending on its concentration, while
Cu2þ is inhibitory. To better understand the molecular basis of the inhibitory effect we have used electron spin resonance to
directly examine Cu2þ coordination and stoichiometry. We show that Cu2þ has one binding site per a1 subunit, and that five
Cu2þ can be coordinated per GlyR. Cu2þ binds to E192 and H215 in each subunit of GlyR with a 40 mM apparent dissociation
constant, consistent with earlier functional measurements. However, the coordination site does not include several residues of
the agonist/antagonist binding site that were previously suggested to have roles in Cu2þ coordination by functional measure-
ments. Intriguingly, the E192/H215 site has been proposed as the potentiating Zn2þ site. The opposing modulatory actions of
these cations at a shared binding site highlight the sensitive allosteric nature of GlyR.INTRODUCTIONGlycine receptors (GlyRs) form anion-selective pores in cell
membranes and are central to electrical signaling in
neuronal synapses (1–3). GlyRs are members of the pen-
tameric ligand-gated ion channel (pLGIC) superfamily,
also referred to as Cys-loop receptors, which mediate fast
signaling at synapses (2–4). This superfamily includes nico-
tinic acetylcholine receptors, g-aminobutyric acid type A
receptors, and serotonin receptors. These channels bind to
presynaptically released neurotransmitters and transiently
open to allow a passive flux of ions across the membrane.
Thus, they quickly convert chemical binding energy into
a postsynaptic electrical signal (1–4). Each receptor is
composed of five subunits, consisting of a globular extracel-
lular N-terminal domain (ECD), four transmembrane
segments, and a less well-conserved large intracellular
loop. Most of the structural information obtained on pLGICs
has been deduced from the crystal structure of an acetylcho-
line binding protein, AChBP (5), a homolog of the extracel-
lular domain of the pLGICs, as well as a ~4 A˚ electron
microscopy image of the eukaryotic nicotinic acetylcholine
receptors (6). More recently, x-ray crystal structures of two
prokaryotic homologs, ELIC from Erwinia chrysanthemi
and GLIC from Gloeobacter violaceus, have also been ob-
tained (7,8). While no crystal structure is available for either
the eukaryotic full-length GlyR, or any eukaryotic pLGIC,
the structures of these homologs have allowed us (9–11)
and others (12–15) to construct invaluable models of these
receptors that provide a critical evolving framework forSubmitted May 13, 2010, and accepted for publication August 26, 2010.
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and ion permeation.
There is a rising interest in understanding the role divalent
cations play in modulating ion permeation in ligand-gated
ion channels (16,17). Intriguingly, the presence of Cu2þ or
Zn2þ significantly changes the amount and the rates of ion
permeation in many LGICs, including n-methyl-D-aspartate
receptors, P2X receptors, nicotinic acetylcholine receptors,
g-aminobutyric acid type A receptors, serotonin receptors,
and GlyRs (18–23). In the case of GlyR, these divalent
cations can potentiate or inhibit ion conductance depending
on ion concentration and its site of binding. For example,
Chen et al. (24) report that the residual current can be
reduced by ~20% when 1 mM of Cu2þ is added and by
~90%, when 100 mM of Cu2þ is added. Similarly, the addi-
tion of 1000 mM of Zn2þ reduces whole cell currents
by ~83% (23,24), while at lower concentrations (below
10 mM), Zn2þ potentiates currents. Both Zn2þ and Cu2þ
are present in low amounts in plasma (~15 mM) and are
present as free ions in very low amounts as they are typically
bound as cofactors by many proteins. However, both of
these ions are accumulated in the brain, and may be present
at high local concentrations, functioning as signaling mole-
cules in the synapses of the brain and spinal cord (17).
Significantly, a recent study demonstrates that knock-in
mice containing a D80A mutation develop a severe neuro-
motor dysfunction analogous to human startle diseases
(21). Given that the D80A mutation selectively eliminates
Zn2þ potentiation without affecting channel conductance
or permeation kinetics (25), these results strikingly demon-
strate that the potentiation of GlyR by Zn2þ is essential for
neuronal health in vivo. Therefore, it is crucial to understanddoi: 10.1016/j.bpj.2010.08.050
2498 Ruthstein et al.the type of the interaction that exists between these divalent
cations and GlyR, in order to develop a full molecular
understanding of ion permeation and modulation of
pLGICs.
The site and mechanism of Zn2þ and Cu2þ modulation of
GlyRs have been investigated by functional measurements.
In many of these experiments, the change in channel activity
upon mutation of a residue was used to deduce the coordina-
tion environment of each ion. Zn2þ is a bifunctional modu-
lator of GlyR that potentiates channel activity at lower
concentrations, and inhibits the receptor at higher concen-
trations. Two major Zn2þ coordination sites have been sug-
gested in homomeric a1-GlyR. At low concentrations, Zn2þ
is proposed to bind to H215, E192, and D194 and potentiate
channel activity (26). As the Zn2þ ion concentration
increases, it binds to a distinct low affinity site, which puta-
tively involves two extracellular histidine residues (H107
and H109) and two threonine residues (T112 and T133).
This site is referred to as the Zn2þ inhibitory site (27) and
lies between neighboring subunits as Zn2þ chelates
a H107 from one subunit and a H109 from its adjacent
subunit.
Despite significant progress, there is still uncertainty
about the coordination environment of Cu2þ. Initial electro-
physiology results suggested that H215, H419, and T112
coordinate to Cu2þ in GlyR (22,24). Another site, which
involves R65, R131, E157, and Y202 has recently been
proposed as an additional binding site for Cu2þ and Zn2þ
(28,29). However, the interpretation of site-directed muta-
genesis studies to assign direct metal coordination sites
may be complicated by potential indirect effects due to
subtle, yet functionally significant, changes in receptor
structure upon mutagenesis. Miller et el. (30) recently
showed that the inhibitory effect of Zn2þ may be greatly
reduced when residues between the inner core of the ECD
and the agonist binding site, such as T112, T113, and
D114, were mutated. Spontaneous opening was also
observed when some residues, such as L134, F99, and I62
are mutated to alanine, while other mutations removed the
cation-induced inhibition. Mutations can have profound
effects on function, and the authors suggest that these muta-
tions change the charge distribution in the ECD, thereby
affecting receptor activation. The elucidation of metal ion
binding sites, therefore, by mutation and electrophysiolog-
ical measurements alone can be problematic, because it is
difficult to discriminate between direct and indirect effects
of a given mutation. Given the modulatory role of divalent
metal cations, a method that is directly sensitive to Cu2þ
coordination will provide insight into its binding sites on
the receptor.
We have used electron spin resonance (ESR) spectros-
copy and site-directed mutagenesis to determine the coordi-
nation of Cu2þ to GlyR. The power of ESR lies on the
ability to get atomic-level information on the identities of
nuclei and amino acids that are directly bound to the para-Biophysical Journal 99(8) 2497–2506magnetic metal ion (30–35). Nanometer range constraints
on the distances between Cu2þ centers can also be poten-
tially measured (36,37). In addition, all the measurements
can be performed in vitro in lipid vesicles.
In this work, wild-type human a1-GlyR (WT-GlyR) was
overexpressed in insect cells, then purified, and reconsti-
tuted into vesicles. The homomeric expression of just the
a1 subunit of GlyR is sufficient to reconstitute nativelike
activity (38,39). ESR Cu2þ titration experiments conducted
on these approximately radially symmetric assemblies iden-
tified a single Cu2þ coordination site per subunit of GlyR.
The coordination site was characterized experimentally by
coupling WT and mutagenic studies of GlyR with ESR
experiments, such as continuous wave (CW) and electron
spin echo envelope modulation (ESEEM).MATERIALS AND METHODS
Expression of GlyR and single site mutant,
purification, and reconstitution of GlyR
WT a1-GlyR was expressed and purified as previously described (40).
The QuikChange site-directed mutagenesis kit (Stratagene, La Jolla,
CA) was used to generate single-site point mutants in the human
a1-GlyR cDNA in pFastBac (mutagenic primers were purchased from
MWG-Biotech, Cork, Ireland) following the manufacturer’s recommended
protocol. pFastBac vector encoding human a1-GlyR was transformed into
DH10BAC competent cells, and bacmid-containing GlyR mutants was
generated by transposition and subsequent isolation. Recombinant baculo-
virus encoding mutant GlyR was produced by following standard proto-
cols for virus production, purification, and amplification and was titered
as described by the manufacturer (Invitrogen, Carlsbad, CA). Spodoptera
frugiperda (Sf9) cells were infected by baculovirus encoding GlyR at
multiplicities of infection >5 after standard protocols. GlyR was then
purified as previously described (40). To reconstitute GlyR in lipid vesi-
cles, the eluent containing purified GlyR was dialyzed against 25 mM
potassium phosphate buffer (KPi)/1% polystyrene biobeads (pH ¼ 7.4)
for two weeks. The dialysate was then centrifuged at 100,000 g for
30 min, and the pelleted vesicles containing GlyR were resuspended in
1 mL of 25 mM KPi. The 25 mM KPi buffer was then replaced with
25 mM n-ethylmorpholine buffer using a 5-mL Zeba Spin Desalting
column (Pierce, Rockford, IL). Protein concentration was determined by
a modified Lowry assay (41).Spectroscopic measurements
All pulse experiments were done at 20 K on an ELEXSYS E580 spectrom-
eter (~9.68 GHz; Bruker Biospin, Billerica, MA) using the ER4118x-MD-5
probehead (Bruker Optics) with a split ring resonator (5 mm sample
access). CW experiments were done at 5 K with an ESR-900 cryostat and
an ELEXSYS high sensitivity probehead (~9.4 GHz; both by Bruker
Optics). CW simulations were performed with the software package Easy-
Spin (42).
Copper titration by electron spin resonance
Solutions of Cu2þ were made from CuCl2 such that 5 mL additions would
deliver the equivalents of copper necessary for the given titration. The pH of
the copper stock was adjusted to 7.4 so that the pH of the protein solution
would not drop during the titration due to the addition of the Cu2þ solution.
Then, 5 mL of the protein-Cu2þ solution was transferred to a quartz capil-
lary for ESR measurements.
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FIGURE 1 Titration curve of [Cu2þ] inWT-GlyR (at 20K, n¼ 9.21GHz)
andE192A-GlyR (at 20K, n¼ 9.76GHz). The coordinated [Cu2þ]/[GlyR] is
plotted against number of equivalent [Cu2þ] added. ForWT-GlyR, the best fit
(solid line) was obtained with a Kd ¼ 40 mM, whereas for E192A-GlyR, the
best fit corresponded to aKd¼ 95 mM. The fits were determined using Eq. 1.
The Cu2þ-binding site in WT-GlyR can be fully saturated while the occu-
pancy in E192A-GlyR is reduced to 2.5 Cu2þ/receptor complex.
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In the field sweep electron spin echo (FS-ESE) experiment, the integrated
echo from a p/2-t-p-t-echo sequence was measured as a function of the
magnetic field. The p/2 pulse was set to 16 ns, and t was set to 200 ns.
The ESEEM experiment
A p/2-t-p/2-Tþdt-p/2-t-echo sequence was used with a four-step phase
cycle (43). The p/2 pulse length was 16 ns and the data was acquired
with t set to either 150 ns, 140 ns, or 200 ns to amplify 14N modulations.
The initial Twas 40 ns. The data was processed by subtracting the baseline
using a polynomial fit and the dead time was reconstructed (44). The result-
ing time domain was convoluted with a sinc window function, and the spec-
trum obtained by cross-term averaging Fourier transform.
Data analysis
ESEEM simulations
The ESEEM simulations were done as described (45,46) taking into account
the orientation selection arising from the g and the A-anisotropy spectrum
of the Cu2þ. The fitting parameters were: the nuclear quadrupole interaction
(nqi) parameters, the asymmetry parameter, h, and the quadrupole coupling
constant, e2Qqzz. Other parameters include the Euler angleswhich transform
the nuclear hyperfine interaction into the principal axis system (a1,b1,g1),
the Euler angles that transform the nqi into the principal axis system
(a2,b2,g2), and the nuclear hyperfine tensor [AN ¼ (Axx,Ayy,Azz)]. For the
case of two nitrogen nuclei, the product rule for multiple nuclei coupled to
an electron spin was used to generate the simulated time domain signal. To
take into account the background decay, the simulated time domain signal
was multiplied with exponential decay function with a rate of 5 ms.
The dissociation constant
The dissociation constant, Kd, of Cu
2þ to GlyR was calculated as follows.
The chemical reaction is
x

Cu2þ
 þ ½GlyR4½Cux  GlyR;
where x is the number of copper atoms coordinated per GlyR complex.
Data was fit using a noncooperative model wherein it was assumed that
the binding affinity of the ith copper atom to GlyR is the same as the first
copper. In this case,
KdtðtotalÞ ¼ Kxd;
where Kd is the dissociation constant of one Cu
2þ to one GlyR monomer.
Kdt ¼

Cu2þeq
x
GlyReq


Cu2þx  GlyReq

h
Cu2þeq
i
¼ ½Cu2þ   ½Cu2þ reacted
GlyReq
 ¼ ½GlyR0½GlyRreacted
Cu2þx  GlyReq
 ¼ ½GlyRreacted
½GlyRreacted ¼ ½Cu2þ reacted=x
½Cu2þ  ¼ n  ½GlyR0
n ¼ ½Cu
2þ 
½GlyR0
Kdt ¼

n  ½GlyR0½Cu2þ reacted
x½GlyR01x½Cu2þ reacted

1
x
½Cu2þ reacted
IntensityðESRÞz½Cu2þ reacted:
(1)
In our experiments [GlyR]0 ¼ 0.05 mM, and n is the x axis in Fig. 1.RESULTS
Two major binding sites have been suggested for Zn2þ in the
a1 subunit of GlyR by functional measurements. The inhib-
itory site putatively involves two extracellular histidine
residues on adjacent subunits (H107 and H109) and two
threonine residues (T112 and T133) (27). A second higher
affinity site, occupied at low concentrations (<10 mM) of
Zn2þ, has also been suggested. This higher affinity site
includes residues H215, E192, and D194. Binding at this
site potentiates ion permeation activity (25,26). Unlike the
bifunctional effects of Zn2þ binding, Cu2þ binding is solely
inhibitory to GlyR function and T112, H419, H215, R131,
R65, E157, and Y202 have been suggested to be involved
in Cu2þ-binding by functional measurements on site-
directed mutants (24,29).
To determine the number of Cu2þ ions that are coordinated
to WT-GlyR and its binding affinity, FS-ESE spectra were
obtained as a function of [Cu2þ]. At pH 7.4–7.6, only coordi-
nated Cu2þ gives an ESR signal (47), so the ESR intensity is
expected to increasewith increasing [Cu2þ] until all the Cu2þ
sites are occupied. The data was acquired for WT-GlyR and
E192A-GlyR, because E192 is expected to be involved in the
Cu2þ coordination (see above). Fig. 1 shows the normalized
integrated intensity of the FS-ESE data as a function of the
equivalents of added Cu2þ ions. The y axis was normalized
by comparing the ESR integrated intensity with integrated
intensity from standard [Cu2þ] solutions in imidazole n-ethy-
lmorpholine buffer—thus the y axis directly yields the
number of Cu2þ bound per receptor (i.e., [Cu2þ]/[GlyR]).
A plateau is observed at a ratio of ~5, which suggests that
this binding site can be fully occupied with Cu2þ in the
pentameric receptor. The data also shows that there is only
one Cu2þ binding site per subunit at these concentrations.Biophysical Journal 99(8) 2497–2506
2500 Ruthstein et al.The data was fit to Eq. 1 and the apparent dissociation
constant, Kd, for one Cu
2þ binding to GlyR was found to
be 40 mM. For E192A-GlyR, the maximum [Cu2þ]/[GlyR]
was ~2.5 even at a 10-fold excess of Cu2þ. The apparent Kd
was found to be 95 mM. The lower relative binding affinity
of Cu2þ to E192A-GlyR suggests that E192 is indeed
involved in Cu2þ coordination.
Fig. 2 A shows FS-ESE Cu2þ spectra for WT-GlyR and
mutant GlyRs. The integrated intensity and normalized
ESR spectra of WT-GlyR, H109N-GlyR, and T112A-GlyR
are nearly identical, indicating that H109 and T112 are not
involved in Cu2þ coordination. On the other hand, mutations
E192A and H215A result in a ~40% decrease in integrated
intensity. This reduction suggests that both E192 and H215
are involved in the coordination of Cu2þ and that elimination
of a single residue reduces, but does not remove, Cu2þ
binding. Previous reports on various proteins indicate that
metal binding affinity decreases by>20% if a directly-coor-
dinated residue is mutated, while the mutation of nearby
residues causes only slight changes in binding affinityWT
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FIGURE 2 (A) FS-ESE spectra at 20 K for WT, H109N, T112A, H215A,
and E192A-GlyR (at 20 K, n ¼ 9.69 GHz). (Inset) Suggested model for the
Cuþ2 binding site in GlyR. (B) CW-ESR spectra for WT-GlyR, H215A-
GlyR, and E192A-GlyR (at 5 K, n ¼ 9.406 GHz, modulation amplitude ¼
4.0 G, microwave power ¼ 10 mW). (Dashed lines) Simulations obtained
with the parameters described in the text. (Top inset) Ak splitting for each
spectrum.
Biophysical Journal 99(8) 2497–2506(<5%) (48–50). The inset in Fig. 2 A shows the possible
E192-H215 Cu2þ binding site. The Cu2þ is coordinated to
a nitrogen on the H215 imidazole ring. Previous results
(51,52) indicate that the coordination of Cu2þ at the gluta-
mate is not primarily through its side chain, but rather via
backbone interactions using the N,Oa-donor. The g-carbox-
ylate group of the glutamate is usually engaged in only weak
hydrogen bonding to the Cu2þ.
The CW spectra were obtained for WT-GlyR,
H215A-GlyR, and E192A-GlyR in order to quantitate the
number of nitrogen and oxygen atoms that are directly
bonded to Cu2þ (53). The spectra are shown in Fig. 2 B.
The best-fit simulations (dashed line) for WT-GlyR were
obtained with
gt ¼ 2:05; gk ¼ 2:28; At ¼ 19:6 G; Ak ¼ 187 G:
According to Peisach and Blumberg (53), these parameters
indicate a 2N2O or a 3N1O coordination. There are, there-
fore, at least two 14N atoms that directly coordinate to Cu2þ
in WT-GlyR. The CW spectrum of WT-GlyR shows large
broadening in the gk domain. This might be due to the
presence of five Cu2þ ions in the homopentameric
WT-GlyR. Even though each site consists of the same
amino-acid residues, there might be differences in the orien-
tations of the g and A tensors of each Cu2þ. For
H215A-GlyR and E192A-GlyR, the gk region is a bit
broader than the corresponding region of WT-GlyR, which
might be due to two reasons. First, there is more than one
Cu2þ per protein, and different Cu2þ orientations can exist.
Second, the mutation of a coordinating amino acid to
alanine may cause flexibility and dispersion in the copper
site. For H215A-GlyR, simulations yield
gt ¼ 2:07; gk ¼ 2:31; At ¼ 19:6 G; Ak ¼ 176 G:
These parameters are consistent with a 1N3O or a 2N2O
coordination. For E192A-GlyR, simulations yield
gt ¼ 2:12; gk ¼ 2:3; At ¼ 19:6 G; Ak ¼ 180 G:
These parameters are also consistent with a 1N3O or
a 2N2O coordination. The CW spectra for WT-GlyR,
H215A-GlyR, and E192A-GlyR appear to suggest a single
Cu2þ component. This is consistent with the titration curve,
which shows only one fully occupied site for WT-GlyR at
these concentrations. In addition, the CW suggests that in
H215A-GlyR and E192A-GlyR one less nitrogen is directly
bonded to Cu2þ.
The CW-ESR and FS-ESE results indicate that E192 and
H215 are involved in the coordination of Cu2þ and that
Cu2þ directly bonds to at least two nitrogen atoms in
WT-GlyR. ESEEM experiments were performed in order
to measure the interaction of the electron spin with nearby
(~2–6 A˚) nuclei (54,55). AtX-band, these nuclei are typically
not directly coordinated to the metal ion but lie on the
residue that is directly bonded to the metal ion. Fig. 3
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FIGURE 3 Time domain ESEEM signals forWT-GlyR andH215A-GlyR
at t¼ 140 ns. The ESEEMwas acquired at 20 K, n¼ 9.702 GHz, 3360 G, T
increment, 16 ns, 1024 time points.
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FIGURE 4 (A) Time domain ESEEM signals for WT-GlyR and
H215A-GlyR at t ¼ 140 ns. Gray dotted lines are provided as guides.
(B) Corresponding ESEEM spectra. In both panels the dashed lines repre-
sent the ESEEM simulations. The ESEEM data was acquired at 20 K,
n ¼ 9.702 GHz, 3360 G, T increment, 16 ns, 1024 time points.
Cu2þ Coordination in GlyR by Pulsed ESR 2501presents the ESEEM signal ofWT-GlyR andH215A-GlyR at
t ¼ 140 ns. Each data set is normalized to the largest
measured echo amplitude of the nitrogen. For E192A-GlyR,
H109N-GlyR, and T112A-GlyR, the signals are essentially
identical toWT-GlyR (data not shown). This further supports
the conclusion that Cu2þ does not bind to H109 or T112. The
ESEEM data of E192A-GlyR is also identical to WT-GlyR,
even though E192 is a Cu2þ binding site. The results are
reasonable, given that mutation of E192 should not affect
the 14N transitions that are observable in ESEEM, because
the nitrogen atom from the glutamate is directly coordinated
to the Cu2þ (51,52). For direct coordination, the expected
distance between the Cu2þ and the nitrogen is ~1.9 A˚ (56),
and therefore the coupling is too large to be observed by
ESEEM under the experimental conditions (54,55).
The modulations of the H215A-GlyR are less intense than
the WT-GlyR and also occur at slightly different frequencies
(see below). The modulation depth of H215A-GlyR is
0.067, compared to 0.12 for WT-GlyR. In addition, the
decay rate of the time domain ESEEM signal of
H215A-GlyR is reproducibly larger. Each sample was
frozen at least three times and comparable ESEEM signals
were obtained, indicating that freezing effects did not affect
the relaxation time. The relaxation times of H215A-GlyR
and WT-GlyR are 15 0.2 ms and 45 0.2 ms, respectively.
The large relative decrease in relaxation time in
H215A-GlyR suggests that Cu2þ is relatively loosely bound
in H215A-GlyR and has more dynamic freedom than in
WT-GlyR (57). This is also supported by the increase of
2.0 G in the line-width in the CW spectrum of H215A-GlyR
compared to the WT-GlyR CW spectrum. Thus, our data
indicates that mutation of H215 reduces the coordination
to Cu2þ and thus relieves tight binding. On the other
hand, the reduction in tight binding was only slightly
observed for E192A-GlyR—the relaxation time was
1.5 5 0.2 ms, and the line width of E192A-GlyR CW
spectrum increased by 1.0 G compared to the WT-GlyR
CW spectrum.Fig. 4 (solid lines) shows the ESEEM signal after base-
line correction and the corresponding spectra of WT-GlyR
and H215A-GlyR at t ¼ 140 ns. This t-value gave the
best proton suppression. The peaks below 3 MHz are
characteristic of the coupling of the electron spin with
remote nitrogen (14N) (45,46,58,59). When the nuclear
Zeeman and electron-nuclear hyperfine interaction approx-
imately cancel one another out, the energy level splitting
of one manifold is almost completely determined by the
14N nqi. In most cases, three narrow characteristic compo-
nents are expected in the 0–3 MHz regions. These are
denoted as n0, n, and nþ, and typically nþ¼ n0þ n.
For WT-GlyR, the peaks below 3 MHz are broad and
contain several shoulders and splittings. This broadening
is usually atypical for equatorially histidine coordination.
The broadness of the peaks, are also consistent with the
broadening observed in the CW, and is attributed to
slightly different Cu2þ orientations in each (identical)
binding site of the pentamer. The different orientations
might also lead to a shift of the histidine from an equato-
rial coordination state. In H215A-GlyR, the low frequency
components below 3 MHz are slightly sharper and some of
them appear at different frequencies compared to the
dominant peaks in the < 2 MHz region of WT-GlyR.
The area of the components between 0 and 3 MHz is
54% less in H215A-GlyR than in WT-GlyR, suggesting
a reduction in the number of interacting 14N nuclei in
H215A-GlyR (60).
To identify the number of remote 14N nuclei that are in
the coordination environment of Cu2þ, we carried out
ESEEM experiments for both samples. Fig. 5 shows the
experimental ESEEM spectra (solid lines) for WT-GlyR
and H215A-GlyR at t ¼ 150 ns and 200 ns. ESEEM simu-
lations are shown as dashed lines in Figs. 4 and 5. The exper-
imental H215A-GlyR spectrum shows clear low frequencyBiophysical Journal 99(8) 2497–2506
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FIGURE 5 (A) ESEEM experimental spectra (solid line) of WT-GlyR
and H215A-GlyR at t ¼ 150 ns. (B) ESEEM experimental spectra (solid
line) of WT-GlyR and H215A-GlyR at t ¼ 200 ns. In both panels, the
dashed lines represent the ESEEM simulations. The ESEEM data was
acquired at 20 K, n ¼ 9.702 GHz, 3360 G, T increment, 12 ns, 512 time
points.
2502 Ruthstein et al.components at 1.1 and 1.45 MHz in all t-values. These
components can be assigned to the zero-field nqi transition
frequencies, n
a and nþ
a (marked in Fig. 4 B) of 14N. In
addition, the WT-GlyR spectrum shows additional low
frequency components at 1.7 MHz (nþ
b). The best fits for
H215A-GlyR are obtained with some distribution in the
Euler angles and the nqi tensor. The ESEEM data are best
fit with
h ¼ 0:885 0:005;
e2Qqzz ¼ 1:435 0:02 MHz;
AN ¼ ½1:0; 1:1; 1:3MHz;
ða1;b1;g1Þ ¼ ð0; 5; 0Þ5 5+;
ða2;b2;g2Þ ¼ ð0; 5; 0Þ5 5+:
For WT-GlyR, the best-fit simulation is computed with
two nitrogen nuclei. The parameters for the first nitrogen
are the same as those used for the H215A-GlyR sample.
The parameters for the second nitrogen are
h ¼ 0:855 0:01;
e2Qqzz ¼ 1:755 0:05 MHz;
AN ¼ ½1:0; 1:2; 1:5MHz;
ða1;b1;g1Þ ¼ ð0; 70; 0Þ5 5+;
ða2;b2;g2Þ ¼ ð0; 85; 0Þ5 5+:
These values are in accord with values reported for
Cu2þ-binding to a remote 14N in an imidazole ring. The
range of nqi values for Cu2þ bonding to an imidazole
nitrogen in proteins are
e2Qqzz ¼ 1:4 2:0 MHz;
h ¼ 0:4 1:0
(61,62). Typical values for coordinated backbone amide are
2e Qqzz > 3 MHz and nqi components n and nþ > 2 MHz
(62). These assignments suggest that at least two imidazole
rings coordinate to Cu2þ in WT-GlyR, and only a single
imidazole ring coordinates to Cu2þ in H215A-GlyR.Biophysical Journal 99(8) 2497–2506DISCUSSION
The superfamily of pLGICs consists of sensitive allosteric
complexes that respond to a vast array of stimuli, sensitively
modulating their activity as a function of their subunit
composition, their environment, and the concentration of
agonists, antagonists, and modulatory compounds. The
modulatory role of divalent cations, most notably Zn2þ
and Cu2þ, in the physiology and function of proteins of
the CNS, and of pLGICs in particular, has only recently
become more apparent (16–22). These ions are known to
both inhibit or potentiate the function of GlyR, and binding
sites for both Zn2þ and Cu2þ in the a1-subunit of GlyR have
been assigned in structure/function studies (21–30). These
experiments utilize site-directed mutagenesis to identify,
indirectly, the role of particular residues of GlyR in medi-
ating the observed altered response.
The strength of this work is its direct elucidation of chem-
ical coordination sites for Cu2þ-binding to the a1 homo-
meric GlyR. While these results are supported by some
mutagenic studies that are essential to validate some of
the conclusions, key molecular details regarding chelation
to Cu2þ are determined by direct ESR measurements on
purified receptors. The paramagnetic property of Cu2þ
provides a unique opportunity to directly interrogate the
interaction of this modulatory divalent cation with key resi-
dues of human GlyR, without reliance on the interpretation
of the altered function of site-directed mutants. This is an
important consideration, because functional measurements
can be sensitive to very subtle changes, such as changes in
charge distribution and/or indirect effects due to subtle
changes in receptor structure upon mutation that may not
be directly attributable to metal ion coordination. Similarly,
alternate chelation sites may be difficult to detect if binding
of metals at these sites do not appreciably alter receptor
function. The determination of the stoichiometry of Cu2þ
binding is also difficult to measure in functional studies,
because it is difficult to infer values for Bmax if binding of
only one Cu2þ is sufficient to fully inhibit the receptor.
Cu2þ has been shown to have an inhibitory effect on a1
GlyR activity. The CW and FS-ESE data suggests that at
these concentrations there is a single Cu2þ-binding site per
a1 subunit in GlyR and that this site can be fully saturated,
such that as many as five Cu2þ can bind per homopentameric
GlyR complex. The apparent Kd for Cu
2þ is ~40 mM under
our salt and buffer conditions—this value is an approxima-
tion, because we have ignored possible effects of cooperativ-
ity. Given that free local [Cu2þ] has been measured in the
synapse to be as high as 100–250 mM under some conditions
(17,63), this affinity is consistent with Cu2þ playing a role as
a physiologically relevant allosteric modulator of GlyR
function. These ESR results are also consistent with pub-
lished data from electrophysiological studies (24). For the
H215A-GlyR mutant, only 40–50% reduction in current
was observed at 100 mM [Cu2þ] (24). This is also consistent
H107
H109
T112
T133
E192
H215
R131
FIGURE 6 Key sites hypothesized as metal ion binding are highlighted
on the ECD model of GlyR (9). (Solid circle/blue circle online) Copper
ion binding site (E192/H215). (Shaded circle/red circle online) Inhibitory
Zn2þ site (H107/H109). (Dashed circle/green circle online) Strychnine
antagonist binding site.
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reduction in Cu2þ affinity (Kd ¼ 95 mM) and a 60% occu-
pancy of the Cu2þ binding site in the presence of excess
[Cu2þ].
The CW results suggest that two or three nitrogen nuclei
directly bind to Cu2þ in WT-GlyR, and that the number of
directly bonded 14N nuclei decreases by one in H215A-GlyR
and E192A-GlyR. The ESEEM experiments indicate that at
least two remote 14N nuclei exist near Cu2þ in WT-GlyR,
and that both of them have nqi values that are consistent
with histidine binding. For H215A-GlyR, the ESEEM simu-
lations show that only a single histidine is coordinated to
Cu2þ. These results suggest that E192 and H215 are coordi-
nated to Cu2þ, and the mutation of these amino acids causes
a decrease in the binding affinity, and a reduction in the
number of the directly bonded 14N nuclei. For H215A-GlyR,
themutationof imidazole ring (H215) also creates a reduction
in the number of remote 14N nuclei. However, it is also
possible that H215 and E192 are in close proximity to the
Cu2þ site, and mutation of E192 and H215 causes an indirect
change in the binding site of the Cu2þ. For example, histidine
coordination in WT-GlyR might be due to a histidine other
than H215. The H215A mutation might lead to reorientation
of this coordinated histidine, bending it from its typical equa-
torial position. This alternate scenario could also lead to the
observed reduction in modulation depths and combination
peaks at ~2–3 MHz in the H215A-GlyR ESEEM data, as
well as the broadening of the CW-ESR spectrum. However,
if H215 is nearby but not coordinating, an H215A mutation
would not lead to the 40% reduction in the binding affinity.
Moreover, the CWandESEEM results suggest that two imid-
azole rings coordinate to Cu2þ. Other than H215, the only
possible imidazole ring is H419 (9). All other receptor histi-
dines are >20 A˚ apart from H215 and are not expected to
contribute to the Cu2þsite (see below). Based on these obser-
vations, we propose that both H215 and E192 coordinate to
the metal ion.
Fig. 6 shows the top view of the ECD model (9), with key
amino acids highlighted. Significantly, E192 and H215 are
proximal, supporting their mutual assignment as Cu2þ
binding residues. In this model, the Nd of H215 is separated
by 5.1 A˚ from the Na of E192. Also, the N3 of H215 and Na
of E192 are 7.3 A˚ apart. In most cases, the directly coordi-
nated 14N to Cu2þ is 14N3; however, given the slight differ-
ences in distance and uncertainties associated with
homology models, either 14N may be directly coordinated
to Cu2þ. The ESEEM values suggest a second coordinated
histidine residue. There are five histidines in each GlyR
subunit at positions H107, H109, H201, H215, and H419.
Because H107, H109, and H201 are not in the region of
the suggested Cu2þ site, H419 is likely a coordinating
residue. The location of H419 is not well modeled as it
resides in the C-terminal tail after transmembrane helix 4,
and this region is not well conserved among pLGICs.
H419 is located only two residues from the C-terminus(9), and future investigations are needed to confirm whether
it is coordinated to Cu2þ.
The inhibitory Zn2þ site, around H107 and H109, is
located at the inner domain of the ECD. Similarly, T112
and T133, which have been implicated in copper binding
by functional measurements (24), are far from the E192 or
H215 residues and therefore it is unlikely that they consti-
tute Cu2þ binding residues. In addition, amino acids such
as R65, R131, E157, which are located near the antagonist
binding site, are ~15 A˚ from E192 or H215 and are not
expected to coordinate to Cu2þ.
It is interesting to compare the measurements of Cu2þ
binding by ESR to those determined in previous functional
measurements of GlyR mutants. In the former, the paramag-
netic nature of the metal is exploited to directly reveal coor-
dination. In the latter, changes in channel activity upon
site-specific mutation are used to deduce coordination.
Anion permeation in GlyR is very sensitive to mutations
near the antagonist site. For instance, T112A and T112F,
in the presence of 300 mM of Cu2þ, increase IC50 by approx-
imately fourfold as compared to WT (24). On the other
hand, T112Y has a similar IC50 to the WT (24). The
T112A/H215A double-mutant produced a receptor that de-
sensitized more than the WT in response to saturating
glycine concentrations (24). Other targeted mutations to
the antagonist site, such as R65A, R131A, F100A, L98A,
and I132A, completely abrogate the effects of Zn2þ and
Cu2þ and can even cause spontaneous opening of the
channel (29,30). Given the ESR results, it is unlikely that
many of these mutations directly affect the sites of metal
coordination. For example, T112A-GlyR exhibits the same
FS-ESE and ESEEM spectra as WT-GlyR, so Cu2þ binding
is preserved and T112 is not directly involved in Cu2þBiophysical Journal 99(8) 2497–2506
2504 Ruthstein et al.chelation. Functional studies of expressed T112A-GlyR
show evidence of a large change in the ion permeation prop-
erties of the receptor (24,29), suggesting an indirect effect of
this mutation on receptor inhibition by Cu2þ. These results
highlight the importance of the direct measurement of coor-
dination by ESR, because it allows discrimination between
the direct and indirect effects observed in mutagenic studies.
Our results show that the Cu2þ-binding site involves some
of the same residues identified in previous studies as being
involved in the potentiating Zn2þ-binding site (distinct
from those forming the inhibitory Zn2þ-binding site). This
highlights the sensitive allosteric nature of the receptor, as
overlapping binding sites to chemically similar divalent
ions can potentiate (upon coordination of Zn2þ) or inhibit
(upon coordination with Cu2þ) the channel. In contrast to
these very different modulations of channel activity upon
metal chelation at overlapping sites, Zn2þ binding in the
inner hydrophobic core (H107 and H109) or Cu2þ binding
to the interfacial loop region of the ECD (as determined in
this study) results in significant inhibition of channel activity.
The critical role of electrostatic interactions in the GlyR
gating pathway has been shown in mutagenic studies
involving the interaction of D97 and R119 (64). It has been
suggested that the inhibitory mechanism for Znþ2 arises
from stabilization of charge interactions (30), andwepropose
that Cu2þ inhibition may be due to a similar restriction in the
concerted movements of segments in the extracellular
domain of GlyR that participate in the conformational
wave that is propagated in pLGICs upon ligand binding
and ultimately results in gating of the channel (65).CONCLUSIONS
In this research,we have usedESR spectroscopy to resolve the
binding site ofCu2þ inGlyR.We show that Cu2þ has only one
binding site inGlyR in eacha1 subunit and that fiveCu2þ ions
can bind per GlyR when fully loaded. The metal ion is coor-
dinated by E192 and H215. Earlier electrophysiological
measurements indicate that Zn2þ binding to this site has
a potentiating effect on channel conductance (25,26), while
the coordination of Cu2þ has an inhibitory effect (22,24).
This highlights the sensitive allosteric nature of GlyR. The
ESR results exclude a direct Cu2þ-binding role for several
residues such as T112 that were implicated as potential
binding sites in functional studies. TheESR results are consis-
tent with our model of the ECD of GlyR (9). Several other
implicated sites, such as R131, R65, and E157 (29,30), can
also be excluded as directly contributing to Cu2þ-chelation.
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